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The Russian treeline is a dynamic ecotone typified by steep gradients in summer temperature and
regionally variable gradients in albedo and heat flux. The location of the treeline is largely controlled
by summer temperatures and growing season length. Temperatures have responded strongly to
twentieth-century global warming and will display a magnified response to future warming.
Dendroecological studies indicate enhanced conifer recruitment during the twentieth century.
However, conifers have not yet recolonized many areas where trees were present during the Medieval
Warm period (ca AD 800-1300) or the Holocene Thermal Maximum (HTM; ca 10 000-3000 years
ago). Reconstruction of tree distributions during the HTM suggests that the future position of the
treeline due to global warming may approximate its former Holocene maximum position. An
increased dominance of evergreen tree species in the northern Siberian forests may be an important
difference between past and future conditions. Based on the slow rates of treeline expansion observed
during the twentieth century, the presence of steep climatic gradients associated with the current
Arctic coastline and the prevalence of organic soils, it is possible that rates of treeline expansion will
be regionally variable and transient forest communities with species abundances different from
today’s may develop.
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1. INTRODUCTION

Climate model experiments suggest that temperature
increases due to global warming should be particularly
pronounced in northern high latitudes such as the
Eurasian treeline zone (Intergovernmental Panel on
Climate Change 2001, 2007; Arctic Climate Impact
Assessment 2004). In turn, increased temperatures will
produce a northward extension of boreal forest into
areas now occupied by tundra (Arctic Climate Impact
Assessment 2004). Such a northward extension of the
boreal forest would serve to decrease high-latitude
albedo and provide a positive feedback, further
enhancing global warming (Bonan et al. 1995;
Woodward ez al. 1998; Levis er al. 1999, 2000; Foley
et al. 2003). The change in albedo could be particularly
large in northern Siberia where it is possible that the
evergreen conifers will become more important at the
expense of deciduous species (Arctic Climate Impact
Assessment 2004). Instrumental climate data and
palaeoclimatological records indicate that the northern
high latitudes have been experiencing a general pattern
of increasing temperatures for more than a century,
with particularly sharp increases in the past few
decades (Overpeck et al. 1997; Hansen er al. 1999;
Briffa er al. 2001; Lugina er al. 2006). The projected
changes in temperature and vegetation in the Eurasian
treeline zone, coupled with the temperature increases
already experienced, raise several important questions.
First, are tree populations at the treeline already
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responding to recent warming? Second, will the
anticipated extension of boreal forest due to global
warming exceed the limits of past forest expansion that
occurred during earlier Holocene warm periods?
Third, how quickly is boreal forest likely to expand
northward onto the tundra in response to increased
temperatures?

In this paper we examine the northern treeline zone
of Eurasia with an emphasis on the region encompassed
within the Russian Federation. We focus on insights
regarding the dynamical nature of the treeline zone
provided by the analysis of past changes in treeline
reconstructed using tree rings and radiocarbon-dated
subfossil wood. These retrospective approaches can be
critical to anticipating future treeline response (Payette
er al. 1989, 2002). Although not reviewed here,
similar studies from adjacent Fennoscandia have a
long history and are available from a number of sources
(e.g. Eronen 1979; Eronen & Huttunen 1987, 1993;
Vorren et al. 1993; Zackrisson et al. 1995; Kullman
1996, 1998a,b, 2002; Kullman & Englemark 1997;
Kullman & Kjillgren 2000).

To begin, we outline the present climate—treeline
relations across northern Eurasia. We then present
evidence that temperature increases over the past
century are already producing demonstrable changes
in the population density of trees, but these changes have
not yet generated an extension of conifer species’ limits
to or beyond the former positions occupied during the
Medieval Warm period (IMWP: ca AD 800-1300) or the
Holocene Thermal Maximum treeline extension
(HTM: broadly taken here to be ca 10 000-3000 years
ago). We compare the reconstructed position of the
treeline during the HTM with the projected future
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Figure 1. (a) Dwarf and krummbholz Larix dahurica at the treeline near the Lena Delta of eastern Siberia, () subfossil wood from
trees that grew on uplands near the Lean River Delta during the fifteenth through seventeenth centuries and (¢) a mid-Holocene
Larix stump preserved on the tundra of western Taimyr Peninsula of central Siberia (all photos © Glen M. MacDonald and used

with permission).

displacement of the treeline due to global warming. The
comparison suggests that in northern Eurasia the future
northern limits of boreal forest will generally coincide
with the HTM limits. However, the projected dom-
inance of northern forests in Siberia by evergreen
conifers rather than larch may be an important
difference between past and future treeline zone
conditions. Finally, we examine the northward expan-
sion of boreal forest during the initiation of the HTM
and caution that, although the treeline zone is clearly a
climatically sensitive and dynamic ecotone, future rates
and patterns of northern forest expansion in some
regions could be more constrained than in the Early
Holocene due to the current proximity of the coastline
and edaphic factors related to deep organic soils that
have developed over the Holocene.

2. THE NORTHERN RUSSIAN TREELINE ZONE
AND PRESENT CLIMATE

The northern treeline zone of Eurasia is a broad
ecotone across which continuous boreal forest gives
way to increasingly scattered fragments of forest and
smaller individual trees. This transitional vegetation
zone is often referred to as forest-tundra. Eventually the
vegetation is dominated by treeless tundra. The
latitudinal extent of this ecotone can range from a few
kilometres to over a hundred kilometres. Locally,
increasing elevation in hilly or mountainous terrain
also leads to the restriction of tree species from higher
sites in the treeline zone. Coniferous species at their
northernmost limits often grow as scattered dwarf trees
or contorted krummbholz (figure 1). The current
northern treeline zone in Eurasia runs roughly parallel
to the Arctic coast for over 5500 km from Fennoscan-
dia through eastern Siberia (figure 2). The treeline lies
generally between 60° and 70° N latitude and extends
northward to 73° N in the Taimyr Peninsula region of
central Siberia, a location that represents the world’s
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northernmost extension of the boreal forest. In Europe,
the dominant conifers at or near the treeline include
Pinus sylvestris L. (scots pine), Picea abies (L..) Karst.
and Picea obovata Ledeb. (Norway and Russian spruce)
and Larix sibirica Ledeb. (Siberian larch). In northern
Asia, the dominant conifers at or near the treeline
include larches (L. sibirica and Larix dahurica Turcz. ex
Trautv.), Pinus sibirica Du Tour (Siberian pine) and
Pinus pumila (Pall.) Regel (stone pine). Broadleaf trees
such as Betula (birch) and Populus (poplar) can also be
found in the Eurasian treeline zone. In Fennoscandia,
the northern treeline is formed by Betula pubescens ssp.
czerepanovii (Orlova) Hamet-Ahti which grows beyond
the limits of P sylvestris.

Based upon a broad range of studies and syntheses
(Grace 1990; Stevens & Fox 1991; Juntilla & Nilsen
1993; James ez al. 1994; Korner 1998; Sveinbjérnsson
2000; Grace et al. 2002; Kaplan er al. 2003), several
generalizations can be made about climate—treeline
relations. Cool growing-season temperatures coupled
with a short growing season appear to be a major
reason why trees do not grow further north in the
Arctic. Air and soil temperatures are too cool and the
growing season is too short for trees to conduct
adequate photosynthesis and/or to use the glucose
produced by photosynthesis to consistently meet
growth and reproductive requirements. Rates of
photosynthesis and respiration decline between 20
and 5°C. Of particular importance, the rate of
photosynthate use displays a strong response to
temperature declines within this temperature range.
Physiological studies suggest that rates of carbon
assimilation for Eurasian conifers are particularly
sensitive to temperature in the early part of the growth
season. Slight warming in the spring period can
produce strong increases in annual carbon assimilation.
The threshold for conifer tissue growth appears to lie
between 3 and 10°C, and cool growing-season
temperatures limit meristem activity and growth.
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Figure 2. The northern Eurasian treeline zone and mean monthly surface air temperatures for (a) July and () January (mapped
using 1968-1996 NCEP data from NOAA Earth System Research Laboratory (http://www.cdc.noaa.gov/PublicData/)).

Cool soil conditions in the growing-season impact on
the availability of nitrogen and decrease growth.
Shading by trees can accentuate soil cooling and
serve as a negative feedback to forest development on
cold sites. Prolonged minimum temperatures greater
than 6°C are generally required for bud formation and
other aspects of reproductive development. Successful
sexual reproduction can be rare for the dwarf
krummbholz trees that typify the species limits for
conifers, and local propagation is often by vegetative
layering. Although growing season conditions are the
most important factor for determining the general
northern limits of forest, winter temperatures can limit
locally the growth or survival of some treeline species
such as P sylvestris in certain settings. Tree growth and
survival can also be affected by winter season damage to
buds and needles by abrasive blowing snow and ice.
In northern Eurasia the treeline zone corresponds to
where average July temperatures decline to 12.5-10.0°C
(figure 2) and growing degree days drop below 800
(Kaplan et al. 2003). There is no similar general
relationship between the location of the treeline and
winter temperatures (figure 2), reinforcing the domi-
nant role of growing season conditions in determining
the limits of tree growth over most of northern Eurasia.
For example, average January temperatures range from
—10 to —15°C at the treeline in northwestern Europe
to below —30°C in some regions of central Siberia
(figure 2). However, there is a general correspondence
between dominance by the winter-deciduous conifer
genus, Larix, in Siberia and the cold winter tempera-
tures that typify that region compared to the west. The
treeline also roughly corresponds to the median July
position of the Arctic frontal zone (Krebs & Barry
1970). Areas north of this frontal boundary are
dominated by cold and dry polar air masses even during
the summer. Finally, the proximity of the treeline zone
to the coastline of the Arctic Ocean imposes a steep
temperature gradient across the region of the treeline
(figure 2). Thus, the geographical position of the
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Eurasian treeline zone is controlled by a climatic
gradient in summer temperatures and the length of
the growing season that is related to general latitudinal
patterns of decreasing northern insolation, general
atmospheric circulation and the location of the
Arctic coastline.

3. THE NORTHERN TREELINE ZONE AND
CLIMATE CHANGE

The presence or absence of boreal forest at higher
latitudes can have a significant impact on climate.
Thus, changes in the geographical position of the
treeline may provide feedbacks to global warming. The
relatively dark canopy of the boreal forest can produce
an albedo that is 25-50% less than that of northern
tundra (Monteith 1975; Bonan ez al. 1995). Over the
course of the year these differences are amplified in
spring and autumn when the snow-covered tundra
reflects a large amount of incoming short-wave
radiation. The average annual albedo over tundra
regions can exceed 0.4 while areas of continuous forest
in the boreal interior and southern regions have values
of 0.2-0.3 (figure 3). The difference in albedo across
the treeline is most pronounced in northern Europe
where evergreen pines and spruce are dominant in the
northern boreal forest and becomes less pronounced in
Siberia where deciduous larch trees dominate the
northern forest (figure 3). In addition, the western
Siberian lowlands are dominated by deep organic soils
with more open and scattered tree cover extending well
south of the treeline zone (Sheng ez al. 2004).

As a result of differences in albedo and surface
roughness, the boreal regions are preferentially warmed
and have a higher sensible heat flux than tundra regions
(Hare & Ritchie 1972; Lafleur ez al. 1992; Pielke &
Vidale 1995). The difference in heating between some
boreal and tundra sites has been shown to be as high as
50 Wm ™ > (Pielke & Vidale 1995). The enhanced
warming of the darker forest results in a greater sensible
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Figure 3. Eurasian treeline and average land-surface albedo (albedo based on MODIS imagery from NASA Visible Earth

Library http://visibleearth.nasa.gov/).
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Figure 4. Average June-September surface long-wave radiation flux in W m ™2 (mapped using 1968—-1996 NCEP data from
NOAA Earth System Research Laboratory (http://www.cdc.noaa.gov/PublicData/)).

heat flow from forested regions. During the warm
season of June—September, the long-wave flux in the
interior boreal forest regions of Eurasia averages over
60 W m~ 2 and falls below 50 Wm™ 2 in the tundra
regions (figure 4). The open forests and wetter surfaces
of the peatland-dominated western Siberian lowlands
region provide an exception to this general correspon-
dence (figure 4). In northern Eurasia, the difference in
long-wave flow is enhanced by the location of the cold
Arctic Ocean immediately adjacent to the tundra zone
(figure 4). There is a steep thermal gradient between
the warmer forest and the colder tundra and Arctic
Ocean during the summer (figure 2), and this probably
helps to anchor the summer position of the Arctic
Front along the treeline zone (Pielke & Vidale 1995).

Based upon climate model experiments, the boreal
treeline is considered a key centre of action for positive
feedbacks between climate warming and vegetation
response (Foley er al. 1998). A significant northward
movement of the boreal forest, with its relatively low
albedo and resulting replacement of higher albedo
tundra, can produce a significant increase in regional
and global temperatures (Foley et al. 1994, 1998, 2003;
Bonaneral. 1995; TEMPO 1996; Woodward ez al. 1998;
Levisetal 1999, 2000). Although the exact magnitude of
that warming remains uncertain, in the high latitudes it
may be as high as 4°C in spring and 1°C in other seasons
should forests in North America and Eurasia advance to
the Arctic coastline (Foley ez al. 1994).

Instrumental records of climate warming over the
past 120 years indicate that the northern Eurasian
treeline zone displays strong response to general
hemispheric and global temperature increases (LLugina
er al. 2006). Annual and summer (June—August)
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temperatures have generally increased over the past
120 years with strong warming in recent decades
(figure 5). A spatial analysis of annual trends indicates
that the northern Eurasian treeline zone has experi-
enced particularly marked increases in annual tempera-
ture over the past five decades (Hansen ez al. 1999,
2006). Annual heating has been exceptionally strong in
central Siberia (figure 5). In northern Eurasia the
recent heating trend since the 1970s has been most
strongly expressed in spring (March—May) with strong
heating also apparent in autumn and winter. A summer
(June—August) warming trend is apparent in eastern
Siberia, but not in other parts of northern Eurasia
(Rigor et al. 2000).

Palaeoclimatic records for the past 1000 years
provide evidence of longer-term temperature variations
that would be expected to impact on the northern
treeline zone (e.g. Overpeck er al. 1997; Briffa &
Osborn 1999; Mann et al. 1999, 2003; Briffa 2000;
Briffa ez al. 2001). Although many of these temperature
reconstructions are based entirely upon analysis of tree-
ring records from northern latitudes, and could
arguably present circular arguments by which changes
in the radial growth of trees at the treeline are used to
infer temperature changes that affect tree growth at the
treeline, other records are synthetic in nature and
incorporate temperature proxies other than northern
tree rings (e.g. Overpeck er al. 1997; Mann ez al. 1999,
2003). Most of the available palacotemperature
records, and a number of climate model simulations,
for the past 1000 years provide a generally similar
pattern (Mann ez al. 2003; Jones & Mann 2004). The
millennial length temperature estimates are often
subdivided into three periods. From AD 1000 to ca
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Figure 6. Northern Hemisphere (Mann ez al. 1999), Arctic (Overpeck ez al. 1997) and northern Eurasian (Briffa & Osborn
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Osborn 1999; Mann ez al. 1999; Briffa 2000 available at http://www.ncdc.noaa.gov/palaeo/pubs/briffa2001/briffa2001.html).

1400 there is evidence for generally warm conditions Ice Age (LLIA) which persist until ca AD 1880. The late
during the Late Medieval period (figure 6). This MWDP nineteenth and twentieth centuries are characterized by
is followed by the generally cool conditions of the Little generally increasing temperatures that in recent decades
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appear to have exceeded those experienced during the
MWP (figure 6). Within these three broad periods, there
is evidence of additional shorter-term climatic variability
including a widespread period of warming during the
mid-through late eighteenth century. The MWD, relative
to the LIA, was typified by both increased solar
insolation and decreased volcanic activity (Crowley
2000; Goosse et al. 2006). The prolonged and
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substantial warming of the Eurasian Arctic in the recent
period probably reflects both of these natural factors and
the additional radiative forcing provided by high levels of
anthropogenic greenhouse gases (Overpeck er al. 1997;
Crowley 2000; Goosse et al. 2006).

Projections of future surface temperatures (AD
2090-2100) in northern Eurasia due to increasing
greenhouse gases suggest a rise in annual temperatures
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Figure 8. Tree-ring-based reconstruction of (a) July temperatures and (b) P sylvestris recruitment at the treeline on the Kola
Peninsula of northern European Russia (adapted from Gervais & MacDonald 2000). (¢) Recruitment data from P sylvestris at

the treeline in northern Sweden (Zackrisson et al. 1995).

of 4-6°C, with summer (June-August) temperatures
increasing by 2-3°C (Arctic Climate Impact Assessment
2004; Intergovernmental Panel on Climate Change
2007). The anticipated result of this warming is a
northward extension of the boreal forest so that most of
northern Eurasia to the Arctic coastline will be forested
(figure 7). Such a displacement would produce
decreased albedo, greater long-wave heat fluxes and an
even sharper thermal gradient along the Arctic coast-
line. One particularly important facet of the vegetation
projection (Arctic Climate Impact Assessment 2004) is
that it predicts a dominance of evergreen boreal forest in
much of northern Siberia. This region is now dominated
by deciduous Larix forest. At present, the western boreal
forest in European Russia has a lower albedo and greater
reflectance contrast with the tundra than the eastern
boreal forest in Siberia (figure 3). A shift to evergreen
boreal forest in northeastern Siberia would amplify the
change in albedo caused by future forest expansion.

4. RECENT WARMING AND CHANGES AT THE
TREELINE

Has the pattern of recent warming over the late
nineteenth and the twentieth centuries caused signi-
ficant changes in the density of trees at the treeline
and/or an extension of the geographical location of the
treeline? Dendroecological (tree-ring) records of tree
demography and past treeline position are available
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from several sites along the treeline zone of northern
Russia. Determining the ages of stems using tree rings
allows for establishment/survivorship histories to be
constructed for the current tree populations at the
treeline. In some cases, cross-dating of dead wood
allows for the reconstruction of mortality patterns and
of past extensions of the treeline. In many cases, the
dendroecological records of establishment and
mortality provide a precision that is less than annual,
ranging from 5 to 10 years in terms of uncertainty for
both establishment and mortality of individual stems.
In addition, it is difficult to determine if past increases
in recruitment reflect increased establishment rates due
to enhanced seed production and success in germina-
tion, or if past population increases reflect enhanced
survivorship due to decreased mortality of recently
established recruits. In the cases of the studies reviewed
below, much of the research was conducted on hilly to
mountainous sites in the northern treeline zone where
the gradients between abundant trees and tree species’
limits were compressed by elevational changes.

On the Kola Peninsula, a study by Gervais &
MacDonald (2000) examined P sylvestris near its
northern range limits. The trees were distributed on a
slight elevational gradient. Trees were present at the
base of the slope but absent from the upland. The results
demonstrate a pronounced peak in recruits from the
mid-twentieth century (figure 8). The increase in
recruitment during the twentieth century appears
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Figure 9. Pinus sylvestris recruitment at the treeline on the
Kola Peninsula and variations in (a) April and (b) September
temperature (Gervais & MacDonald 2000).

related to the increased length of the growing season
as evidenced by increased temperatures during April
and September (figure 9). Although there was little
establishment/survivorship at the site during the mid- to
late nineteenth century, there was an earlier period of
enhanced recruitment during the late eighteenth
century that corresponds with generally warmer hemi-
spheric and Arctic temperatures (figure 6). Locally,
there were periods of prolonged cool summer tempera-
tures in the early and late nineteenth century (figure 8).
In both the Kola and the adjacent northern Fennoscan-
dia, there is evidence for the continuous presence of
P sylvestris trees at their current northern range limits for
at least several hundred years prior to the twentieth-
century warming. In addition, there are similar patterns
of enhanced recruitment in the eighteenth and twentieth
centuries in both regions (figure 8).

On the Khibiny uplands located in the central Kola
Peninsula, radiocarbon dates from Pinus stumps and forest
palaeosols indicate that the treeline was located 100-
140 m higher in elevation than today during the MWDP
(between ca AD 600 and 1300 in this case). Forest has yet
to recolonize these elevations (Kremenetski ez al. 2004).

Recently, Esper & Schweingruber (2004) conducted
a detailed survey of recent recruitment of P sibirica,
P obovata, L. sibirica and Larix cajanderi at nine sites
located in northeastern European Russia and central
Siberia (figure 10). They found evidence for two clear
phases of population increase, the first extending from
approximately 1940 to 1960 and the second from the
1970s to 2000. These population growth phases appear
to be linked to increases in annual and summer
temperatures (figure 10). The study is important in
showing a very widespread pulse of enhanced tree
recruitment over the twentieth century. In addition, the
study found a parallel pattern of increasing vertical
growth in trees that formerly had suppressed growth.
These results document a geographically extensive
change in stand density and structure in response to
recent warming in central northern Eurasia.

In a study of the treeline at the northern end of the
Polar Urals, Shiyatov et al. (2005) combined the
analysis of modern vegetation and stand demography
with historical photographic records extending back

Phil. Trans. R. Soc. B (2008)

(@) 60° 70° 80° 90° 100°

72°4 ARE *

69° . pUT _» ANA
«MOR NOR BOJ

66°d *ADZ

63° 5
URA2 G %-O

60° *URAI <

)

o 5.

e JJA temperature annual temperature A

"~

T? 1 rd N\

E o ;

g -1 2

g 2

g L L6

s germination

o N -4

g )

8 T T T T T T T T T T O
S o o O O ©9 O o9 ©o o o 9
A S = & & F n v & » xS
&S S a3 a 8 g

year AD

Figure 10. (a) Sampling sites for P sibirica, P obovata,
L. sibirica and L. cajanderi recruitment history for the
twentieth century and (b) derived recruitment history and
dendroclimatologically reconstructed annual and summer
(June—August) temperature anomalies for northern central
Eurasia (Esper & Schweingruber 2004).

to the 1910s to reconstruct spatial changes in the
L. sibirica-—R obovata treeline over the past century
(figure 11). They found that there had been clear
upslope movement of closed forest, open forest and
sparse tree cover into regions formerly dominated by
tundra with scattered individual trees. In some cases,
closed forest and open forest had extended over a
kilometre beyond their 1910 limits. A combination of
warmer temperatures, an extended growing season
(particularly in May) and moister conditions are
probably responsible for the advance of forest. Although
the extension of forest cover was appreciable, it should
be borne in mind that this development of denser forest
cover occurred in a region where sparse forest or
scattered individual trees were generally already
present. These pre-existing trees would have served as
inoculation foci allowing for rapid density changes in the
forest (MacDonald ez al. 1993). Shiyatov ez al. (2005)
concluded that seed availability promoted rapid infilling
of areas with sparse forest cover, but that the poor
transport of seeds upslope away from parent stands
hindered establishment beyond the limits of trees. Larix
releases seeds in July and they are typically not
transported far in the absence of smooth snowcover.
Alonger reconstruction of past treeline elevation in the
northern Polar Urals based upon cross-dating of
abundant Larix dead wood suggests that over the past
1200 years there have been significant (60-80 m) and
prolonged elevation shifts in the regional treeline
(Shiyatov 1993, 1995, 2003; Mazepa 2005). The treeline
was at its highest elevation during the MWP between ca
AD 900 and 1300 when it reached 340 m (figure 12).
Following that time the treeline descended to approxi-
mately 270 m during the LIA and then ascended to its
present elevation of approximately 310 m during the
recent warming of the late nineteenth and twentieth
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Figure 11. Spatial changes in L. sibirica—P obovata forest distribution from the 1910s to 2000 at an upland treeline site in the

northern Polar Urals of western Siberia (Shiyatov et al. 2005).

centuries. As of yet, the treeline has not been reached or
exceeded its limits from the MWP, probably owing to
poor seed dispersal by Larix (Shiyatov 2003).

An upland treeline site (figure 13) near the Lena
River Delta in eastern Siberia contained living
L. dahurica in the lowlands and abundant dead wood
on the adjacent uplands, suggesting a once higher
treeline (MacDonald ez al. 1998; figure 15). The age
structure of the living trees in the lowlands indicates a
period of enhanced recruitment in the early to mid-
twentieth century, but with some older individuals
dating back to the sixteenth century (figure 13). Now-
dead trees on the uplands established during the
fifteenth through mid-seventeenth centuries and then
experienced die-off during the nineteenth century. The
episode of tree die-off on the uplands corresponds with
summer cooling during the LIA. There was particularly
severe local cooling in the late eighteenth and early
nineteenth centuries (figure 13). The increased recruit-
ment of the twentieth century corresponds generally
with the prolonged warming of this period (figure 13).
The peak in warming appears to follow the peak in
stand age, perhaps reflecting the importance of warmer
conditions to survival of recently germinated trees.

Although studies of treeline dynamics in northern
Russia remain sparse relative to the geographical
expanse of the region, some preliminary conclusions
can be drawn from the available data in terms of recent
warming and treeline response. First, the twentieth
century has been typified by widespread enhanced
recruitment at the treeline, but negligible range
extension of tree species at the sites studied. Second,
prior to the recent upsurge in recruitment, cooling
during the LIA negatively impacted on tree population
densities and caused range contraction. Third, in many
cases, the enhanced recruitment and small-range
adjustments experienced in the twentieth century
have not yet been of sufficient magnitude to compen-
sate for the range contraction during the LIA. Thus,
some areas that were forested or supported sparse trees
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Figure 12. Comparison of northern Eurasia summer
temperature trends (Briffa 2000) with Larix treeline advances
and retreats in the northern Polar Urals of western Siberia
(Shiyatov 2003) over the past 1000 years.

during the MWP remain treeless at present. In effect, at
the Russian sites studied, the impact of twentieth
century warming has not yet compensated fully for the
mortality and range constriction caused by the cold
temperatures of the LIA. These results are similar to
observations in some other northern treeline regions
such as uplands in eastern Quebec and interior
Labrador where Picea mariana (P. Mill.) B. S. P. and
Picea glauca (Moench) Voss trees remain below their
pre-LIA limits despite recent warming (Gamache &
Payette 2005; Payette 2007).

5. ANTICIPATED FUTURE TREELINE ZONE
CHANGES IN THE CONTEXT OF HOLOCENE
PALAEOECOLOGICAL RECORDS

If the northern treeline zone shifts significantly north-
ward in the future due to global warming, will this
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Figure 13. Dendroclimatologically reconstructed (a) June temperatures and (b) L. dahurica establishment (living lowland tree
establishment) and (c¢) establishment and mortality (dead upland trees) at a treeline site near the Lena River delta in eastern

Siberia (MacDonald ez al. 1998).

situation be unprecedented relative to shifts observed
in the treeline over the course of the Holocene? The
northern tundra zone of continental Eurasia contains
an important fossil archive related to the past
distribution of tree species during the Late Pleistocene
and Holocene. From Fennoscandia to eastern Siberia,
hundreds of wood macro- and megafossils of Pinus,
Picea, Larix and Betula trees have been found in
locations north of the modern range limits of these
genera (figure 1¢). In northern Russia such samples,
including bark, cones, needles and large logs, have been
discovered on the tundra surface and in peats, alluvial
deposits, colluvial deposits and lake sediments
(e.g. Khotinskiy 1984; Kremenetski ez al. 1998;
Hantexmirov & Shiyatov 1999, 2002; MacDonald
et al. 2000a,b). These macro- and megafossils can be
identified to genera and radiocarbon dated to provide
spatially precise estimates of the presence of tree genera in
areas that are devoid of trees today (MacDonald 2006).

The expansion of coniferous tree species during the
period of increased summer insolation and high-latitude
warming of the Late Pleistocene and Early Holocene
(figure 14) is reflected in the frequency distribution of the
calibrated ages (2c-precision age ranges: Stuiver & Reimer
1993; Reimer er al. 2004) of 349 radiocarbon-dated
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tree fossils (Kremenetski er al. 1998; MacDonald ez al.
2000a,b). The ages of many of the fossils from north of the
modern Eurasian treeline (figure 14) cluster between
10 000 and 3500 cal. yr BP (calendar years before AD
1950). Taxa-specific patterns suggest the densest develop-
ment of forest beyond the modern treeline occurred in the
Early Holocene for Betula and Larix (typical of central and
eastern Siberia) with later peaks in density for Picea and
Pinus at treeline sites to the west (figures 7 and 14). An
Early Holocene maximum in the geographical extension
of Larix-dominated forest in northern Siberia is also
evident in a detailed study by Hantemirov & Shiyatov
(1999, 2002) of treeline movement on the Yamal
Peninsula. Based on 53 radiocarbon-dated megafossils
of Larix, they concluded that a maximum northward
extension of the Larix-dominated treeline occurred in the
Early Holocene between 10 500 and 7400 years ago. The
range limits of Larix was extended by at least 30 km north
ofits modern position during that time. Forest cover on the
Yamal Peninsula has remained at its present northern
limits over the past 3700 years.

Examination of the spatial distribution of mega-
fossils of Larix, which typically forms the conifer
treeline over much of northeastern Eurasia, indicates
that during the broad period of 10 000-3500 cal. yr BP



Chimate change and Russian treeline G. M. MacDonald ez al. 2295
P Jun Jan
O -25 = =
‘3; June insolation 470 70
g 357 ~— -
g | _--mTMMW—F———=— ————= 440 40
g = s
% —45 1 January insolation
= 410 10
254 Alley 2000 insolation 70°N
GISP2 temperature all genera (Wm2)

g 204
=)
by 1
§ 15 1 1 - Betula
% 2 - Larix
= 10 4 3 - Picea
© 4 - Pinus
g 51

04 ‘ ' U B aal

20000 16000 12000 8000 4000 0

cal year BP
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the northern boreal treeline was probably located up
to 200 km north of its modern position (figure 7).
The period of forest extension coincides with increased
summer insolation and growing-season temperatures
relative to modern conditions (figure 14) and is
consistent with known climatic controls on northern
tree species. The apparent maximum extension of the
northern treeline during the Early and Mid-Holocene
corresponds closely with the anticipated future
northern limits of boreal forest due to global climate
warming (figure 7). In regard to the geographical
location of the treeline zone, the HTM in northern
Eurasia may provide an analogue for expected future
northern forest distribution resulting from increased
greenhouse gases and associated global warming.
However, the sparse numbers of Picea and Pinus
megafossils from the Siberian treeline zone relative to
Larix megafossils suggest that then, as now, this region
was dominated by deciduous conifer forest, which
contrasts to the projected future importance of ever-
green conifer forest in the region. Larix was important
in the Early Holocene treeline zone vegetation across
northern Russia and fossils of the genus have even been
reported from Fennoscandia where it did not occur
naturally in the Late Holocene (Kullman 19985). A
dominance and potential westward range extension of
this deciduous conifer genus is consistent with low
winter and high summer insolation during the Early
Holocene which would have promoted colder winters
and increased seasonality at that time (figure 14).

6. RATES OF TREELINE EXTENSION

How quickly will the current treeline zone shift
northward in response to continued climate warming?
The dendroecological studies of recent treeline history
outlined in §4 demonstrate that the density of tree
populations can respond very quickly to warming.
Rates of infilling of forest where sparse trees already
exist will be rapid. However, at the sites studied in
Russia the rate of elevational or latitudinal expansion of
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tree species’ distributional limits appears slower. Many
areas which contained tree populations during the
MWP have still not been recolonized despite the
pronounced and prolonged warming over the twentieth
and twenty-first centuries. Yet, these distances are
relatively modest. These results contrast slightly with
evidence from the Scandes Mountains of Sweden that
shows that twentieth-century warming has produced
an upslope movement of the species limits of trees such
as P abies and P, sylvestris of 120-375 m.a.s.l. (Kullman
2002). In these more maritime mountains, warmer
summers, coupled with warmer winters and decreased
snowcover, may have promoted these rapid extensions
in the late twentieth century (Kullman 2002). Inter-
estingly, Payette (2007) also found twentieth-century
forest tree expansion, and colonization of pre-LIA
limits was better in coastal Labrador than on uplands in
the interior. In interior regions tree populations had
failed to recolonize their former ranges. Much of the
available evidence from dendrochronological studies of
the response of trees to recent warming suggest the
potential for decadal to centennial scale lags between
future warming and the extension of the treeline to its
ultimate northern position, but that the response may
be regionally variable. As pointed out by Payette ez al.
(1989), the response of the treeline to climate warming
is not straightforward and may be influenced by many
factors including pre-existing vegetation.

The future position of the northern treeline will
probably be similar to its past maximum extension and
the expansion of the treeline in the Early Holocene
(figures 7 and 14). The establishment of forest across
northern Eurasia at the start of the Holocene represents
both the expansion of tree populations from scattered
glacial refugial populations in Siberia and the spread
northward to recently deglaciated terrain in northern
Russia and northern treeless areas adjacent to the
Arctic coastline in northern Siberia (MacDonald ez al.
200006; Payette et al. 2002). The development of forest
was a response to increasing summer temperatures
related to increasing summer insolation (figure 14).
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The sharp warming that occurred at the higher
latitudes at the end of the Younger Dryas Stadial (ca
13 000-12 000 cal. yr BP) coincides with a rapid
increase in northern tree populations and their
geographical expansion. The timing of maximum tree
fossil abundance north of the modern treeline occurs
close, although slightly lagged, in timing to the peak of
summer insolation and the initial development of warm
Holocene temperatures, as represented in the Green-
land ice core record (figure 14). These results suggest a
relatively rapid, although not completely synchronous,
response of treeline forest in terms of density and
location to increasing temperatures at the start of the
Holocene. The rapid response of the treeline in
northern Russia, particularly Siberia, may have been
promoted by the proximity of glacial refugial tree
populations (Payette er al. 2002). However, it also
appears that the different tree genera reached their
maxima during the Holocene at different rates. Berula
had a rapid early peak followed by Larix and Picea.
Pinus, dominant on the Kola Peninsula, appears to have
lagged behind the other genera (figure 14). A relatively
rapid colonization of higher elevations by tree species
during the Early Holocene has also been reported from
the Scandes Mountains of Sweden (Kullman 1998a,b).
These results suggest that during the Early Holocene
lags between warming and treeline extension over most
of northern Russia may have been on a centennial scale,
but did not span thousands of years. Given that
northern conifers would typically reach reproductive
age after 15-40 years, some lag between climate change
and forest development is inevitable.

Attempts to use the Early Holocene expansion of the
treeline as a model for future treeline advance are subject
to important limitations. There are several major
differences between the Early Holocene and anticipated
future warming. First, during the Early Holocene
summer insolation was at a maximum and winter
insolation was lower than present (figure 14). In
contrast, future global warming will probably see
winters warming more dramatically than summers in
the subarctic and arctic zones (Arctic Climate Impact
Assessment 2004). Although summer conditions are
closely correlated with treeline position, the expansion
of the growing season due to the warmer spring and
autumn conditions could be particularly conducive to
increased carbon assimilation and resulting tree growth
and reproduction. Warmer winters may also preferen-
tially favour evergreen genera such as Pinus and Picea
relative to Larix. Second, during the Late Pleistocene
and Early Holocene sea levels were lower than today and
the coastline of northern Eurasia, particularly in central
and eastern Siberia, was located up to several hundred
kilometres north of its modern location (figure 7). The
steep thermal gradient and cold temperatures associ-
ated with the Arctic coastline would have been located
much further north of the Early Holocene treeline than
it will be for the anticipated future position of the
treeline. In addition to the steep temperature gradient
near the modern coast, the marine influence on soils can
negatively impact tree establishment and growth
(Crawford 2000).

Edaphic conditions were very different at the start of
the Holocene than today. The often thick cover by
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organic soils that is found in many parts of the northern
Eurasian treeline zone today was not present at that
time (MacDonald ez al. 2006) and seedbed conditions
were more typical of mineral soils. Betula was the most
rapidly expanding tree genus in the Late Glacial and
Early Holocene, and its light winged seeds would have
promoted rapid dispersal and range extension.
Although the seeds of the common species Betula
pendula Roth and B. pubescens Ehrh can also germinate
well on moist Sphagnum surfaces and their seedlings
require moist soils, they suffer high mortality if the
surface is prone to drying and the young roots cannot
reach the mineral soil (Kinnaird 1974). Similarly,
P, sylvestris regeneration is typically extremely poor on
organic soils that are prone to surface drying (Hille &
den Ouden 2004). These establishment requirements
may slow northward spread and population increases of
Berula and P, sylvestris if soil conditions are relatively dry
and on the thick organic soils that exist today.

Issues regarding the effects of moisture stress on
established trees are also a concern in anticipating
treeline response to climate warming. Recent research
suggests that boreal trees at some northern boreal sites,
including ones in northern Eurasia, may now be
experiencing higher rates of stress to summer drought
than earlier in the twentieth century (e.g. Briffa
et al. 1998; Barber er al. 2000; Wilmking ez al. 2005).
Gamache & Payette (2005) deduced that drought and
seedbed drying on tundra soils were probably an
important factor slowing the expansion of P mariana
at the treeline in eastern Quebec despite recent
climate warming.

In light of different climatic requirements, substrate
preferences, current population distributions, years
required to reach reproductive age, seed dispersal
rates, and so on, and observations from the palacoen-
vironmental record of species-specific responses to past
climate change (figure 14), the differential response of
treeline genera might also play out in different rates of
expansion in the future. Kullman (1998a,b) has
pointed out the unique tree species compositions that
developed in the Scandes Mountains in the Early
Holocene and their possible reflection of the unique
environmental conditions at that time. Differential
styles and rates of response to future warming could
lead to the development of transient forest conditions
at the treeline which may be unexpected and unprece-
dented today or during earlier periods in the Holocene.

Given the slow rate of northward forest extension
observed thus far, coupled with the climatic, edaphic
and ecological factors outlined above, it is difficult to
envision that the anticipated northward forest expan-
sion and development of new forest communities as
projected by model experiments such as that presented
in the Arctic Climate Impact Assessment (2004) would
be completed by AD 2100. Developing a clearer
understanding of the potential rate of response of the
northern boreal forest and treeline zone is a critical area
for research.
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